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CALCULATIONS OF PRESSURIZED THERMAL SHOCK

PROBLEMS WITH THE SOLA-PTS METHOD

Bart J. Daly, Bryan A. Kashiwa, and Martin D. Torrey
Theoretical Division, Group T-3

University of California
Los Alamos National Laboratory

Los Alamos, NM 87545

ABSTRACT

A numerical procedure has been developed for multidimensional studies of de-

tailed fluid-thermal mixing and wall heat transfer in the cold leg and downcomer

of pressurized water reactors for application to the study of pressurized thermal

shock. This method is briefly described and examples of its application to vari-

ous test problems are presented to demonstrate its accuracy. An application of

the method to the pressurized thermal shock problem is described for the case of

a main steam line break.

I. INTRODUCTION

This report describes the SOLA-PTS computational method for fluid mixing and

wall heat tranafer tiw+thas been developed for applicntton to the study of pres-

surized thermal shock (PTS). The conditions for PTS are a high system pressure

coincldert with rupid cooling CF a section of vessel wnll, partLculnrly in the

vir{nity of neutron fl~lx-wenkened welds. The fluid dy~mmics problem is to pre-

dic: the temperature of tl~avessel wall for a variety of different accident sce-

narios.

These ncciclent sequences can be subdivided into two m~in clnsees: those

with and thone without loop flow, When loop flow is maintained, the tranetent

nolutinn ie obtained by a ~ystems code tinalyeie. While these codes may ho able

to predtc~ the system reeponne to a particular ncciclent scel~nrioquite accurate-

ly, thsy cannot provide detni,lcd inform~tton about the thevmal rlistrtbutton alonR
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the vessel wall. It 19 the purpose of the ~urnerical method described here to

provide that detailed information for those accident cicenarloswhere it is Bus-

pected that there iB incomplete mixing i~ the downcomer, and for isolated times

during a transient. This is accomplished by taking the systems code data at a

particular location in the cold leg as input boundary conditions for the detailed

calculations. Holding these boundary conditj,ons fixed in time, a three--dimen-

sional steady state solution 19 computed showing the flow field and thermal dis-

tribution in the cold leg and downcomer. The walls are generally treated adia-

batically iTlorder to hasten the approach to steady state. The steady state

fluid temperature distribution adjacent to the vessel wall can then be used to

conservatively esr.mate the temperature distribution in the metal. The use of

the adiabattc wall treatment I}ithi~ case is Juutifled because the effect of wall

heat trnnsfer sl~oulrl be small compared to the heat exchange thnt results from the

mixing of the emec~ency core coolant (HCC) water wtth the loop flow. If the

adiabatic trfintrnentindicates that cOndit.iO~H for crack if?itintion are present,

then the inclusion of wall heat flux to avo~cl crnck Lnitintton cannot be conserv-

atively justifier since th~ fracture mechanics aspect~ of the problem are not

well enough known.

The ;e~ult~ of tl~et!etl~ree-dimensional c~lculntlons do not lnfl~lcnretile

sy~tem code solutio~, becnuse the details of the cl>wncomer flow hnve little ef-

fect on the loop flow cnlcul,atlnn. Regardless of wl,ct fl(llclmotions develop in

the downcorner, the flul.dshould be throu~hly mixed in the lower plenum regton.

The second main claa~ of problems, those wl,t+out loop flow, do not require n

ny~tcm code .9nls]tion.The req(liremcnt J,nthis c,nse is to cnlcillnte the trnnsiont
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mixing of ECC water with the stagnant (or rapidly decelerating) hot water in the

cold leg, downcomer and low?r plenum. In this case wall heat transfer is in-

cluded in the calzulationa, since for this problem It is the rate at which the

wall temperature cools that will determins the probability for crack initiation.

Section 11 of this paper provides a description of the numerical method.

Some calculation~l examples that were used to test the code are described in this

section. Section 111 pr(/ides the results of an applicat~on to a PTS problems,

and concluding remarks are made in Sec. IV.

II. THE COMPUTATIONAL MODEL

The SOLA-PTS code had its origen in the SOLA1 and SOLA-VOF2 codes developed

at Los Alamos. It is a computational model for the solution of transient, incom-

pressible, single-phase flow problems, together ~lth wall bent transfer and ther-

mal transport. The code eFists in both two- and three-dimensional forms. The
\\

two-dimen~icnal code is used for testing models and for a~opj,]ig studies, while

the three-dimensional code is applied to the solution of detailed PTS problems.

Using the original solutlon algorithm incorporated in the SOLA codes, the

following equations are ~olved in SOLA-PTS*

aui \

~“o

alJ
i aui

lk+>+[l-
r +uJq”-- p 3X1

B(T - Tomlj
J

irThq definition of

(1)

(*)

(3)
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(4)

Equ, ions (1) - (3) are solved in the fluid, and llq. (4) is solved in the metal.

Note th:!tEqs. (2) and (3) are in l~on-conservative form. This form is used in-

stead of the conservative form because of a zero-order truncation error that re-

sults with the use of the latte~ in conjunction with a variable computational

mesh. In order to optimize computing efficiency, it is essential to utilize a

scheme that maintains good accuracy with a veriable grid. hence conservative

schemes are unacceptable for these PTS studies.

To ensure a stable, accurate solution to the above equations we make use of

the Tensor Viscosity method
3

for the calculation of spatial derivatives, together

with the Filtering Remedy and Methodology (FMM) rnethod4 for the suppression of

dispersion errors. The Tensor Viscosity me~hod is the multidimensional analcg of

one-dimensional, interpolated donor cell. It Is a second-order-accurate differ-

ence scheme that is formulated by evaluating the convective terrrsusing forward-

time, space-centered derivative, and then modifying the equations by the addi--

tion of a term,

to the right staleof the equation. Here $ represents the temper~ture or n veloc-

ity component.

As with tiny second order method, the Tensor Viscosity method con ~uffer from

dispersion errors when u~ed without come type of filtering procedure, such as

FRAM. In the FRAN method, a provisior,al uetimate for the value of a vuriahlc tit



-5-

an advanced time level is made using any given high-order differencing technique.

The provisional value is compared to the maximum and minimum of the advanced time

valuee obtained by neglecting convection at the computational cell in question

and ita four adjacent neighbors. If the provisional, high-order value falls be-

tween the maximum and minimum, it ie considered to be the advanced time solution;

if not, it iB replaced by a solution based on a low-order, diffusive diffet~ncing

technique. In all of the studies that follow, full upwind differencing is used

as the low-order technique. An alternative procedure would be to replace the

provisional solution by the maximum or minimum value, whichever is exceeded.

However, this procedure has not yet been tested.

Dukowicz and Ramahaw3 tested

examining the diffusion of a step

In this test the scalar transport

the accuracy of the Tensor Viscosity method by

function transported with a constant velocity.

equation

(5)

la solved in a square computational space with 6::= 6:7= 1.0, u = v = 1.0 and

dt m ().2. The initial value of I) in the space is 1.0, and a value 2.0 is specL-

fied at the bottom and left inflow I>ounclaries.The right and top boundaries had

a continuative outflow specification. We have repeated this test for the Tensor

Viscosity method and for two other second-order methods, Lelth’s methods and

Crowley’s method,b all in conjunction with FRhM. Result@ of theee calculations,

Rhowlng the appearanc(~of the ~tel)f(lnctionat times of 0.4 and 0.8, are pre-

sented in Fig. 1. The Tensor Viscosity method shows the least effacts of numeri-

cal diffusion. As a measure of the differences, ofiecan compttre the increase in
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the distance from the high contour line to the low contour line between the two

times plotted in Fig. 1. For the Leith method this increase is 26%; for the

Crowley method the increase is 23%; for the Tensor Viscosity method the increase

is 17%.

The SOLA-PTS code was also tested by computing the development of the lami-

nar thermal bo~~ndary layer in the presence of the developing hydrodynamic bounda-

ry layer between parallel planes. The solution to this problem for non-buoyant

flows is available and has been verified by experiment.’

Figures 2 through 6 illustrate the results of the SOLA-PTS calculation of

the parallel plane thermal-hydrodynamic entry length problem with a constant heat

flux at one plane and zero heat flux at the other. In this study Pr = 0.7 and

Re - /400 Figures 4 through 6 show comparison of SOLA-PTS results (solid line) to

the analytic solution of Heaton et al.7 (marked by A’s). These figures show ex-

cellent comparison despite having only ten computing zones across the channel in

the SOLA-PTS calculation. As expected, the only significant deviation from the

analytic solution occurs very near the entrance where there is a significant v

component to the velocity.

The two-equation k-r turbulence model of Launder and Spalding8 has been in-

cluded {n the SOLA-PTS code. The only modification to the equattons presented in

Ref. 8 has been the addition of a set of terms reflecting the alteration in tur-

bulence ~nergy and decay rate due to buoyancy. The equations as they are cur-

rently employed in this eddy diffusivity method are

turbulence viscceity:

(6)
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turbulence energy:

(7)

turbulence decay rate:

turbulence decay rate near the wall:

wall shear stress:

0 J

wall heat flux:

(T - Tw)c p(C:k )+

;;

ah [“1E y (C~k )+
=~fin

v
o

(9)

(10)

(11)

The equation for wall shenr stress Eq. (10) is used to account for tne effect of

wall drag fn the F’TScalculation. The wall shear strese is also used to eeti-
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mate the velocity gradient outside the laminar sublayer for the.calculation ~f

the shear creation terms in Eqs. (7) and (8).

The turbulence model embodied in 13qs.(6) through (11) has been extensively

8studied for a wide range of experimental data. We have applied the model as it

is included in the SOLA-PTS code to the study of turbulent flow between parallel

planes.
9

A comparison of these calculated results with Laufer’s experimental

data for fully developed flow between parallel planes is given in Fig. 7. In

this study the velocity and turbulence energy profiles are plotted versus post-

tion in the channel of half-spacing d. The cornputr.dvalues, given by the symbols

in Fig. 7, were obtained from a one-dimensional channel flow calculation with

Re = 61,60~ and v = 0.002 cm2/s using a specified pressure gradient. In this
o

way, ‘~is a function of y alone. ‘Threecalculations were performed to test the

sensitivity of results to the finite difference resolution. It is clear from

Fig. 7 that the results are not sensitive to mesh size and that good agreement

achieved even when there are only five computational zones across the channel

width.

III. PTS CALCULATION

is

k an example of a PTS application we present results obtained in SOLA-PTS

calculations of a main steam line break (MSLB) transient, using data from a TRAC

system code calculation as our input conditions. We chose to perform the calcu-

lation at a time of 160 s into the transient, when the pressure is at SO bars,

the pumps have coasted down, and tl[ereis no vent valve flow into the downcomer.

At this time the therml-hydraulics are characterized by a high temperature

(> 500 K), low velocity flow in the intact loops, and a low temperature

(<420 K), high veloclty flow in the broken loop- The high velocity flow on the
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broken loop side is driven by mtural convection as a result of the large temper-

ature difference between the upper plenum and the steam generator on that loop.

The input conditions for these calculations are shown in Table I.

Figures 8-11 show results obtained in the broken loop calculation. Figures

8-9 are velocity vector plots in the horizontal plane at the elevation of the ECC

injection and in the vertical plane through the centerline of the cold leg, re-

spectively. In this calculation the loop flow is injected into the cold leq at a

position 8.4 m llpstream from the ent~ance to the downcomer and the coolant enters

the cold leg 5.6 m upstream. Both plots show that as the fluid enters the down-

comer it splashes against the core barrel wall, while the flow region adjacent to

the vessel wall is relatively stagnant. The non-fluid region in the bottom left

corner of Fig. 8 is the hot leg obstruction. Note the variable mesh in this cal-

c~llation, with fine noding in the region of the ECC injection.

The velocity plot in Fig. 10 shows the flow development in the plane adja-

cent to the vessel wall. These fluid motions result primarily from recirculation

of the main flow, which lies adjacent to the core barrel. The expandine flow in

the top center of the plot is the cold leg inflow. The hot leg is at the upper

left.

The temperature distribution adjacent to the vessel wall is shown in the

contour plot of Fig. 11. The minimum temperature is at the cold leg inlet, where

the fluid is approximately 10eC cooler than the average fluid temperature in this

plane. However, even tl~iscoldest fluid has a temperature of 407 K, indicating

that there has been thorougn mixing of the 303.3 K ECC water (see Table I) with

the loop flow in the cold leg. Thus, at this time in the transient there appears

to be no threat of crack initiation in the vessel wall on the broken loop side.
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Figures 12-15 show results obtained in the intact loop calculation. The ve-

locity vectors in the horizontal and vertical planes corresponding to those of

Figs. 8 and 9 are not shown. They appear very similar to Figs. S and 9 except

that, because of the reduced loop flow in the present calculation, the ECC injec-

tion exerts a greater influence on the cold leg flow. Figures 12 and 13 show ve-

locity vector plcts in the planes adjacent to the core barrel and vessel walls.

These plots demonstrate the coherent flow pattern adjacent to the core barrel

(Fig. 12), resulting from the impact of cold leg flow, and the lack of coherent

flow adjacent to the vessel wall, corresponding to relatively stagnant flow con-

ditions. These stagnant conditions adjacent to the vessel wall are also evident

in the temperature contour plot in tha~ plane, shown in Fig. 14. With the excep-

tion of a relatively cold region near the cold leg inlet, the temperatures are

practically uniform throughout this plane. The minimum temperature here is

514 K, which indicates no threat to the integrity of the vessel wall at this time

in the transient.

Figure 15 shows the temperature contour plot in a vertical plane contain{.ng

the cold leg centerline. The effect of the ECC injection at the cold leg bounda-

ry is evident in this centerline plot, but the temperature “ariation from up-

stream values is minor. Note that a stratified flow condition persists to the

downcomer.

Iv. SUMMARY

A brief description has been presented of the SOIA-PTS computatio~al method

for multidimensional calculation of fluid-thermal mixing and wall heat transfer,

with particular application to the study of pressurized thermal shock. Several

computational examples have been presented to demonstrate the accuracy of the

computational algorithm and the turbulence model employed.
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This method will be applied to two classes of computati.,lalproblems that

arise in the pressurized thermal shock study. The fi~”stof these Is the problem

of calculating the mixing of ECC wter with loop flow, with or without vent

valve flow, in the cold leg and downcomer in order to determine the fluid temper-

ature distribution along the vessel wall. These problems are calculated as

eteady-state solutions, using systems code information to provide the inlet

boundary conditions, in order to provide, “’snapshots’”of the thermal di~tribu-

tions at isolated times during a transient. An example of results obtained in a

main steam !.jnebreak tranaient have ben presented as illustration of this pro-

cedure.

The second application of the SOLA-PTS method has been to the transient cal-

culation of fluid-thermal mixing and wall heat transfer in the cold leg and dowr.-

coner when theie is no loop flow in the system. In this case the temperature

throughout the downcomer will eventually reach the ECC temperature= The objec-

tive is to calculate the rate of cooling of the metal in the vessel wall. Calcu-

lations of this type are being persaed at the present time.
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TABLE I

INPUT CONDITIONS, MAIN STEAM LINE BREAK

Velocity Temperature Area Flow Rate

(culls) (K) (cm2) (cm3/s)

Broken Loop

Ecc 175.85 303.3 77.4 1.361 X 104

Loop 149.64 418.0 3969.0 5.939 x 105

IiltactLoop

ECC 125.6

Loop 40.1

303.3

527.9

108.4 1.361 x 104

3969.0 1.592 x 105
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Nomenclature

Symbols

CP

‘h

H

k

P

Pr

i:

Re

t

T

‘i

‘i

Y

Specific heat

Hydraulic diameter

Plate spacing

Turbulence energy

Pressure

Prandtl number

Heal flux

Reynolds number

Time

Temperature

Vnlocity component in i direction

Spatial coordinate i

Distance

Greek Symbols

Fluid volume coefficient of expaneion

Time increment

Tu?buience energy decay rate

Kinemattc vigconity

Fluid density

‘fhermulcliffusivity

Shear etress

Velocity component or scalar
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Subscripts

e Entrance

f Fluid

i InBulated

m Metal

0 Reference or molecular value

P Value at center o? fluid cell adjacent to wall

t Turbulent

w Wall

Constants

A Van Driest’s constant (26.Oj

c1 1.44

C2
1.92

Cp 0.09

E 9.0

13i Gravitational nccclerat{on in i direction

K 0.4

’11
Turbulent Prandtl number (ngsumed 1.0)

‘k 1.0

0 1.3
E
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FIR. 1. Contours of $ for Leith’s method at t = 0.4 (a) and t = 0.8 (b),
Crowley’s me~hod at t = 0.4 (c) and t = 0.8 (d), and the Tensor Viecosi-
ty method at t = 0.4 (e) and t - 0.8 (f). The three methods are used in
conjunction with the FRAM procedure (see text).

FIR. 2. Temperature contours for the laminar thermal-hydraulic●ntry length for
parallel planes, one plane with constent l~eatflux and the other plane

insulated. The incoming temperature is 400 K, ~~/Pc = 31.49 cm K/s,
P

the plate Qpacing H is 10.0 cm, the
locity and hydraulic diameter ~ 1s

0.7. The high contour (H) is 898.2
K.

Reynolds number Re based on mean ve-
40, and the Prandtl number Pr is

K and the low contour (L) Is 45S.4
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FIs. 3. Velocity vactorm for tho laminar th, !ll~l-hydrodynamicentry length prob-
lem, ~howinR the developing velocity profile.
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temperature THO vs non-
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larainar thermal-hydrodynamic
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Fig. 7. Turbulence velocity and turbu-
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flow between parallel plnneq
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ch~nnel, the open rnytafiolmare
from a calculation with 10
callo acroes the channel, and
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celln ncrooa the chtnnelc
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Velocity vector plots in the vertical plane through

the cold leg centerline for the broken loop calcula-
tion at 160 s into the MSLB transient. The cold leg
flow impacts the core barrel wall at the left.

Velocity vector plots in the horizontal?,plane at the

elevation of the ECC injection for the broken loop
calculaticm at 160 s into the MSLB transient. The
cross-flow vectors in the cold leg show the ECC in-
jection.
the plot
tom left
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‘ig. 10. Valocity vector plot in the

The downcorneris loctitedat the bottom of
and the hot leg obstruction is in the bot-

Fig. 11. Tamperalura contour plot in
the plane ~djac,nt to the

WS1l for the brokan loop calcu- veoael wall for the broken
latfon at 160 ● jnto the t4SLR loop calculation at 160 a in-
tranctantt Tha ●xpanding flow to the MSLB tranoi~nt. Tha
i!~the uppar cuntar of tho plot minimum contour (A) ha~ the
is tho cold lag inflow. Tha valua 407.1 K and the contour
hot 1u8 obstruction ia at tha interval la 1.57 K.
uppar laft.
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Fig. 12. Velocity vector plot in the plane Fig. 13. Velocity vector plot in the plane
adjacent to the core barrel wall
for the intact loop calculation
at 160 s into the MSL13transient.
A greater part of the upper down-
comer region i9 included here
than in the broken loop calcula-
rion.

Fig. 14.
(800
left)

adjacent to the vessel wall for
the intact.loop calculation at
160 s into the MSLB transient.
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Taraporaturacontour plot in a Verticnl plane throu~h

the cold leg centerline for the intact loop calcula-
tion at 160 0 into the MSLR trnnelant. The mlnlmum
contour (A) la 510.9 K and thticontour intrnrvalla
4.25 K.

Tetnper~turacontour plot in the plane adjacent to
tha vaaoel wall for the in:act.loop cnlculaticm St

160 s into the MSLB trmnnient. The minimum contour
(A) 10 SIA.2 K and the contour interval in 3.41 K.
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